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Abstract This study was focused on the heavy metal (Ni, Co, Mo, V, Mn, Fe, W and Zn) tolerance of fungi
strains Aspergillus niger, Aspergillus foetidus and Penicillium simplicissimum. Aspergillus niger was exposed
to a mixture of Mo, V and Mn at a mass ratio of 1:2:6 as approximately present in the spent refinery
processing catalyst. This study highlights the adaptation of fungi strains to Tungsten and Vanadium to
high concentration. The effect of differentmetals andmetal concentration on different strains of fungi was
evaluated. Results showed thatNiwas one of themost toxicmetals for strains ofAspergillus and Penicillium.
Aspergillus foetidus was the least tolerant, in particular for Ni, Co and Zn. In this work, Aspergillus niger,
Aspergillus foetidus and Penicillium simplicissimum showed higher tolerance towards Mo and V, and the
three fungi have a good potential for the bioleaching of spent refinery processing catalysts that contain
Mo and V. The main objective of this study is to identify the best strain, based on tolerance development,
for the spent refinery processing catalyst.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Spent catalysts represent a large amount of refinery solid
wastes and often contain heavy metals such as vanadium,
molybdenum and nickel. These catalysts are classified as haz-
ardous by the Environmental Protection Agency (EPA) in USA
[1,2]. To avoid pollution in land disposal, these catalysts are sub-
jected to metal extraction by various methods.
Bioleaching has recently been considered as a possible alter-
native to the more traditional methods, including ion exchange
for the extraction of metals from spent catalysts and ores [1].
Bioleaching involves the utilization of heterotrophic fungi and
their metabolic products for the extraction of metals from solid
wastes [3,4].
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Open access under CC BY-NC-ND license.Some fungi strains, such as Aspergillus and Penicillium, have
shown potential for metal bioleaching [5]. The most important
species of fungi are Aspergillus niger and Penicillium simplicissi-
mum in their ability to produce abundant organic acids [6,7].
Metals and their compounds can interact with fungi in var-
ious ways depending on the type of metal, organism and envi-
ronment [8]. They exert toxic effects inmanyways, for example
by blocking the functional groups of enzymes [9,10].
Microorganisms have been shown to possess an ability to
survive by adapting or mutating at high concentrations of toxic
heavy metals. The adaptation of fungi exposed to heavy metal
ions has been examined to increase the tolerance of fungi for
the bioleaching process [11].
In general, two mechanisms have been proposed for heavy
metal tolerance in fungi:
1. Extracellular (chelation and cell-wall binding) sequestra-
tion.
2. Intracellular physical sequestration of metal by binding to
proteins or other ligands to prevent it from damaging the
metal sensitive cellular targets.
Extracellular mechanisms are mainly implied in the avoid-
ance of metal entry, whereas intracellular systems aim to re-
duce the metal burden in the cytosol.
In the first mechanism, different organic molecules that do
not belong to the matrix of the cell wall are excreted by the
fungal cell to chelate metal ions.
Binding to the cell wall is called biosorption. The cell surface
of microorganisms is negatively charged owing to the presence
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This gives microorganisms the ability to bind metal cations.
In the intracellular mechanism, metal transport proteins
may be involved in metal tolerance, either by extruding toxic
metal ions from the cytosol out of the cell or by allowing metal
sequestration into vacuolar compartment [13,14].
In this study, the tolerance of fungi strains Aspergillus niger,
Aspergillus foetidus and penicillium simplicissimum for heavy
metals (Ni, Co, Mo, V, Mn, Fe, W, Zn) was studied. In addition,
the adaptive tolerance behavior of Aspergillus niger to amixture
of Mo, V andMnwas evaluated. Themain objective of this work
is to investigate the effect of heavymetal type, concentration of
each metal and the type of strains on the adaptive behavior.
2. Experimental
2.1. Strains
The strains used in this study were Aspergillus niger BBRC
(Biochemical and Bioenvironmental Research Center of Sharif
University of Technology in Iran) 20018, Aspergillus foetidus
ATCC (American Type Culture Collection) 5099 and Penicilium
simplicissimum BBRC 20019.
2.2. Growth condition
The fungiwere cultured in Czapek Yeast Extract Agar (CYEA),
which is composed of 1 g/lK2HPO4, 3 g/lNaNO3, 0.5 g/lMgSO4.
7H2O, 0.5 g/lKCl, 0.01 g/lFeSO4; 7H2O, 5 g/l yeast extract,
30 g/l sucrose, 15g/l agar and trace elements.
2.3. Media preparation
It is essential to screen the appropriate heavy metals for the
adaptation that exists in spent catalysts, and inhibit fungi
growth to a significant degree. Metal solutions (NiSO4.6H2O,
CoCl2.6H2O, Na2MoO4.2H2O, NaVO3, MnCl2.6H2O, FeSO4.
7H2O, Na2WO4.2H2O, ZnSO4.7H2O) of known concentration
were added separately to a yeast extract agar medium to study
the adaptive tolerance of all three fungi strains to a single
metal. Alternatively, a mixture of metal solutions (Na2MoO4.
2H2O,NaVO3,MnCl2.6H2O) at a mass ratio of 1:2:6 for
Mo:V:Mn was added to the CYEA medium to investigate the
adaptive tolerance of Aspergillus niger to these metals. The me-
dia was sterilized in an autoclave at 121 °C for 15 min at
15 psi. After sterilization, the media was removed from the
autoclave, was allowed to cool down to around 50 °C, subse-
quently, poured into petri dishes and allowed to solidify. For
each run, 18 petri dishes were used because all experiments
were conducted in duplicate.
2.4. Tolerance training
Growth testwas conducted through a series of repeated sub-
culturing of fungi exposed to different concentrations of the
metal solution in a plate test [15].
A process of serial acclimatization of strains was performed
in petri dishes; 12 cm in diameter, containing the growth
medium, along with the metal concentration which was
500 ppm for individual metals, and 1350 ppm for a mixture of
Mo, V, Mn.
The plates were inoculated by placing a 3 mm circular
extract of the growing fungi strain. The inoculated plates wereFigure 1: Growth phases of fungi in the presence of heavy metals relative to
control [16].
incubated at 30 °C between 7 and 10 days to establish their
growth rate at the lowest metal concentration. The strains that
demonstrated growth were sampled and exposed to another
petri dish with a higher metal concentration. For individual
metals, the concentration was increased from 500 to 5000 ppm
in steps of 500 ppm for Aspergillus niger and Aspergillus foetidus,
and from 500 to 8000 ppm in steps of 500 ppm for Penicilium
simplicissimum.
In the multi metals (Mo, V, Mn) adaptation, four different
concentrations with a fixed mass ratio of 1:2:6 (150:300:900,
250:500:1500, 350:700:2100, 500:1000:3000) were used. The
process of repeated sub-culturing of the strains was conducted
again with increasing metal concentrations until no growth of
strains was observed. The growth was monitored bymeasuring
the spread of the colony from the point of inoculation to the
end of the longest hypha. A tolerance index was defined in
order to measure the effect of heavy metals on the growth of
fungus. The Tolerance Index (TI) was calculated from the fungal
growth in the presence of metals, divided by the fungal growth
in the control (containing no heavy metals) plate in the same
period [16].
3. Results and discussion
3.1. Growth phases of fungi in the presence of heavy metals
The growth pattern of the fungi in the presence of various
heavy metals is represented in Figure 1, which is characterized
by five stages:
(a) Lag phase which occurs at the beginning of the inoculation;
very little or no growth was observed.
(b) Rapid growth in which the initial growth of fungi occurs.
(c) Retarded growth inwhich the growth rate begins to decline.
(d) Similar growth in which the rate of growth in the presence
of heavy metals and control is similar.
(e) Enhanced growth in which the absolute growth rate often
exceeds the control (TI > 1) [16].
This pattern reflects the tolerance development of fungi. All
these five stages are not exhibited in all fungi. The growth
patterns of Aspergillus strains exposed to 500 ppm of various
single heavy metals are shown in Figures 2–5.
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Figure 3: Tolerance of Aspergillus niger in 500 ppm of Mn, Fe, W and Zn.
Figure 4: Tolerance of Aspergillus foetidus in 500 ppm of Ni, Co, Mo and V.
The growth patterns of Penicillium simplicissimum exposed
to 1000 ppm of various single heavy metals are shown in
Figures 6 and 7.Figure 5: Tolerance of Aspergillus foetidus in 500 ppm of Mn, Fe, W and Zn.
Figure 6: Tolerance of Penicillium simliplicissimum in 1000 ppm of Ni, Co, Mo
and V.
The TI remained at 0 for 1 or more days (lag phase). It is
evident that the presence of heavy metals retarded the growth
of fungi strains, since the TI in similar growth phase was less
than 1. TI varies with time of exposure to the heavy metals and
type of strain.
The rates of growth and deathweremeasured from the slope
of tolerancewith time in Figure 1 [16]. The growth rate at phase
b and the death rate at phase c are related to the tolerance index
developed at phase d.
A high growth rate and a relatively low death rate led to a
higher tolerance index at phase d, indicating a better adaptive
tolerance behavior of fungi in heavy metals.
In Figures 2 and 4, the TI at phase d for Mo and V are higher
than the others, so Aspergillus strains showed a higher tolerance
for Mo, V and a poorer tolerance for Ni, Co and Zn. In Figures 6
and 7 Penicillium simplicissimum showed a better tolerance for
Mo, V, W and a lower tolerance for Ni. Ni was one of the most
toxic heavy metals for the fungi strains used in this study.
Penicillium simplicissimum showed exceptional adaptive
behavior for Zn. In Figure 7, despite a low TI at phase d for Zn,
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Fungi Ni Co Mo V Mn Fe W Zn
Aspergillus niger 1000 1500 5000 5000 5000 2000 5000 1000
Aspergillus foetidus 500 500 5000 5000 3500 3500 3500 500
Penicillium simplicissimum 1500 2500 8000 8000 6000 2500 8000 8000Figure 7: Tolerance of Penicillium simliplicissimum in 1000 ppm of Mn, Fe, W
and Zn.
fungi could tolerate up to 8000 ppm of Zn at the end of the
adaptation experiments (Table 1).
The results presented in Figure 3 suggested that Aspergillus
niger had not fully adapted to Zn because the growth pattern
could not be characterized by 5 stages, and the TI remained
at less than 1 until the fungi spread over the whole plate.
Zn is essential for fungi growth and their metabolism, but it
can exert toxicity when it is present above a certain threshold
concentration. By the same reason, as evident in Figures 4 and
6, Aspergillus foetidus and Penicillium simplicissimum had not
fully adapted to Co. Adaptation experiments of fungal strains
with a tolerance for Ni, Co, Mn and Mo had been considered
before by Valix et al. [16,17]. They demonstrated Aspergillus
niger, Aspergillus foetidus and Penicillium simplicissimum could
tolerate up to 2000 ppmheavymetals (Ni, Co, Fe andMn). Other
investigators have reported that Aspergillus niger tolerated up
to 1200 ppm Mo and 1000 ppm Ni [1]. Results of the present
study are different from previous investigations. The final
concentrations, in which each fungus could tolerate each metal
up to the end of adaptation experiments, are given in Table 1.
Spent refinery processing catalysts of interest in this study
include a mixture of Mo, V and Mn, indicating a need to train
fungal strains, such as Aspergillus niger, to toleratemulti-metals.
Figure 8 shows the growth pattern of Aspergillus niger
exposed to multi-metals (Mo, V and Mn) with a mass ratio of
1:2:6.
The presence of multi-metals imposed a greater toxicity to
fungi growth than that imposed by single metals. Aspergillus
niger that had been adapted to tolerate Mo concentration up to
5000 ppm could not survive in a mixture which only contained
500 ppm of Mo. This suggests that a mixture of metals acts in
synergy to impose a greater toxic response to the adaptation
behavior of fungi in comparison to single metals alone.
Aspergillus niger at higher concentration exhibited a longer
lag phase of two days in comparison to one day under singleFigure 8: Tolerance index of Aspergillus niger adapted to amixture ofMo, V and
Mn at a mass ratio of 1:2:6 at different concentrations.
metals. In a previous investigation, Aspergillus niger was able to
tolerate up to a 1800 ppmmixture of Ni, Al and Mo [1].
In this investigation, no fungal growth was observed in the
presence of multi-metals (Mo, V, Mn) at concentration higher
than 4500.
3.2. Effect of metal concentration on strains tolerance develop-
ment
With an increase in metal concentration, the tolerance in-
dex at the d phase may begin to increase. This would indicate a
development in fungi tolerance with increasing metal concen-
tration.
In some cases, however, a decrease in TI at phase d with
an increasing concentration of heavy metals may be due to
the poor adaptive nature of fungus, but it does not mean
that it cannot tolerate high concentrations of heavy metals.
This pattern shows that the fungus could not develop its
tolerance with increasing metal concentration and, in this case,
the increase in metal concentration at each step should be
lessened. In Figure 9, the increase in Ni concentration from
500 to 1000 ppm should be changed from 500 to, for example,
700 ppm or less.
Figures 9–16 depict the effect of sub-culturing Aspergillus
niger, Aspergillus foetidus and Penicillium simlicissimum with
increasing concentrations of Ni, Co, Mo, V, Mn, Fe, W and
Zn.
From Figures 9 and 10 it can be concluded that A.foetiduswas
most affected by Ni and Co; as the fungus tolerated up to only
500 ppm of these heavy metals. For Penicillium and A.niger, the
decrease in TI at phase dwith an increasing concentration of Ni
and Co showed the poor tolerance of fungi. Ni and Co, even at
low concentrations, could exert toxic effects, such as blockage
of the functional groups of enzymes.
From Figure 11 it can be concluded that by increasing Mo
concentration from 2500 to 5000 ppm, Penicillium showed
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Figure 10: Effect of Co concentration on tolerance index at d phase.
Figure 11: Effect of Mo concentration on tolerance index at d phase.Figure 12: Effect of V concentration on tolerance index at d phase.
Figure 13: Effect of Mn concentration on tolerance index at d phase.
good tolerance. In this case, the stimulating effect of higher
concentration on the tolerance development of Penicillium
is ambiguous; however, it seems to be related to its initial
adaptive behavior. Similar behavior was reported in a previous
investigation [16].
In Figure 12, the slopes of the three curves are almost similar,
indicating that all three fungal strains have similar adaptive
behavior with V.
As shown in Figure 13, A.foetidus showed good tolerance, as
the TI at phase d increased at the beginning of the adaptation
experiments, with an increasing concentration of Mn from 500
to 2000 ppm.
Figures 14 and 15 indicated that an increase in Fe and W
concentration from 500 to 1000 ppm exerted the most toxic
effect on A.foetidus as a sharp decrease in TI was observed.
From Figure 16, it is deduced that Penicillium showed
better tolerance than A.niger and A.foetidus with increasing
concentration of Zn, as reflected by an increase in TI at phase
d in some part of the curve.
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Figure 15: Effect of W concentration on tolerance index at d phase.
4. Conclusion
Traditional methods, such as chemical recovery, to remove
heavy metals from spent refinery processing catalysts are rela-
tively expensive and ineffective, especiallywhen the concentra-
tion of heavy metal is low. Recovery of valuable metals entails
the use of acids on a large scale, which generates a large volume
of hazardouswaste and gaseous emissions. Biological treatment
based on living fungi, which is cheaper and more environmen-
tally friendly, has emerged as a good alternative technique to
existing conventional methods for metal removal. Adaptation
is a preliminary stage for bioleaching.
Heavy metals adaptation enhanced the tolerance of As-
pergillus niger, Aspergillus foetidus and Penicillium simplicissi-
mum to spent refinery processing catalysts in the bioleaching
process. The growth pattern of fungi in the presence of heavy
metals, characterized by five stages, showed the toxic effect of
heavy metals on fungi growth. Among the strains acclimatized,
Penicillium simplicissimum was the most tolerant species and
showed high growth, even at high concentration (8000 ppm) ofFigure 16: Effect of Zn concentration on tolerance index at d phase.
some heavymetals. If selection is based on tolerance, this strain
will bemost suitable in the bioleaching of ores or spent catalysts
containing Mo, V, Mn, W and Zn. However, further test, such as
acid production, are required to confirm the strain suitability.
Aspergillus foetidus was the least tolerant, in particular for Ni,
Co and Zn. Both Aspergillus strains have a better tolerance for
Mo and V, and a poorer tolerance for Ni and Co. Adaptation of
Aspergillus niger to a mixture of Mo, V and Mn at a mass ratio
of 1:2:6 showed relatively greater toxic effect compared with
single metal.
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